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Abstract. We have used combinations of subcellular 
fractionation, specific cytochemical tracers, and quan- 
titative immunoadsorption to determine when, where, 
and in which intracellular structure internalized asi- 
aloglycoproteins (ASGPs) are segregated from their re- 
ceptor. All membrane vesicles containing the receptor 
(R+ vesicles) were quantitatively immunoadsorbed 
from crude microsomes with Staphylococcus aureus 
cells and affinity-purified anti-ASGP receptor. Using 
this assay, we varied the time and temperature of ex- 
posure of perfused livers to 125I-asialoorosomucoid 
(125I-ASOR) and followed the movement of ligand 
from R+ to R-  vesicles. After 2.5 min at 37°C,  98% 
of the internalized ligand could be immunoadsorbed 
and thus was in R+ vesicles. Over the next 12 min of 
continuous 37°C perfusion with 125I-ASOR, an in- 
creasing fraction of the ligand was not immunoad- 
sorbed and therefore was present in R- vesicles. A 
maximum of 30% of the ligand could be found in R- 
vesicles (14-44 min). When livers were maintained at 
16"C, ligand was internalized but remained in R+ 
vesicles. Furthermore, ligand accumulating in R-  ves- 
icles at 37"C remained there when livers were cooled 
to 16*C. R- endosomes could be separated from R+ 
endosomes by flotation on sucrose density gradients 
and visualized by the presence of sequestered ASOR- 
horseradish peroxidase (ASOR-HRP). These struc- 
tures resembled those labeled by ASOR-HRP in situ: 
R+ vesicles were relatively dense (1.12 g/cc), fre- 
quently tubular or spherical and small (100-nm diam), 
corresponding to the peripheral and internal tubular 
endosomes; R- structures were of lower density (1.09 
g/cc), large (400-nm diam), and resembled internal 
multivesicular endosomes (MVEs). Endocytosed 
ASOR-HRP was found in both the peripheral and 
internal tubular endosomes in situ under conditions 
where 95% of the ligand was present in R+ vesicles by 
immunoadsorption, whereas MVEs containing 
ASOR-HRP were predominant in situ when ligand 
was found in R-  vesicles and were often in continuity 
with the tubular internal endosomes. All of these re- 
sults suggest that complete segregation of ligand and 
receptor occurs after arrival in the Golgi-lysosome 
region of the hepatocyte and that MVEs are R-  and 
represent the final prelysosomal compartment. 
C 
IRCULATING asialoglycoproteins (ASGPs)  t are endo- 
cytosed by rat  liver parenchymal  cells (hepatocytes) 
and degraded in lysosomes. The ligand pathway has 
been mapped using electron  microscopic  (EM) tracers, and 
several prelysosomal compartments have been identified and 
biochemically characterized (l l, 12, 18, 19, 52, 53). Mapping 
the receptor pathway has been more difficult, due, in part, to 
the existence of internal  pools of ASGP receptors (ASGP-R) 
whose precise locations are still not resolved (12, 37, 52, 56). 
Each receptor is believed to cycle between the cell surface and 
the internal  pools, mediating the entry of >200 ligand mole- 
cules in its lifetime (39, 47-49, 54). After internalization  of 
Abbreviations used in this paper." ASGP, asialoglycoprotein;  ASGP-R, asialo- 
glycoprotein receptor;  ASOR, asialoorosomucoid; BSA-PBS, 1% bovine serum 
albumin in 0.02 M NaPi, pH 7.4, 0.15 M NaCI; DAB, diaminobenzidine; EM, 
electron microscopy; HRP, horseradish peroxidase;  MVEs, multivesicular en- 
dosomes; R-, receptor-negative;  R+, receptor-positive;  S/I, 0.25 M sucrose in 
3 mM imidazole, pH 7.4. 
the ligand-receptor  complex (2, 55), a minimum of two steps 
would seem to be required for accomplishing both delivery of 
ligand to lysosomes and delivery of receptor back to the cell 
surface--dissociation  of ligand  from  receptor  and  physical 
separation  of the  two molecules  into  distinct  intracellular 
compartments.  Much evidence implicates the complex, pre- 
lysosomal membrane system collectively termed endosomes 
as the site(s) for these two steps (e.g., 2, 12, 16, 17, 34, 50, 53, 
55, 57). Recently, we identified and biochemically character- 
ized three endosomal compartments of the ASGP pathway in 
rat hepatocytes (52). The internal (latent) ASGP receptors we 
detected were in a membrane compartment whose biochem- 
ical characteristics  were  strikingly  similar  to  those  of the 
peripheral and internal tubular endosomes. Results from im- 
munoelectron  microscopy have found intracellular ligand and 
the ASGP receptor together (12), but the precise location  as 
well as the dynamics of the two components remain unclear. 
In the present study, we have applied subeellular fraction- 
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situ and in vitro cytochemistry of a specific ASGP tracer, to 
address the questions of when, where, and in what structures 
segregation of  ligand and receptor occurs. We report here that 
asialoorosomucoid (ASOR) internalized at 37"C is first found 
in  receptor-positive (R+)  endosomes  but  then  appears  in 
receptor-negative (R-)  endosomes  before entry  into  lyso- 
sornes.  Several lines of evidence suggest that this step occurs 
after transport of ligand into the internal endosomal com- 
partment. Finally, we have found that the R- endosomes are 
multivesicular. 
Materials and Methods 
Materials 
Reagents  were  obtained  from the  following sources;  [~Slmethionine  from 
Amersham Corp.  (Arlington  Heights, IL); NADH from Calbiochem-Behring 
Corp. (La Jolla, CA); Protosol from New England Nuclear (Boston, MA); and 
Ready-Solve EP from Beckman Instruments, Inc. (Palo Alto, CA). All other 
reagents were obtained from the same sources given in recent publications from 
this laboratory  (43-45)  or were reagent grade. CD Sprague-Dawley rats were 
purchased from Charles River Breeding Laboratories, Inc. (Wilmington, MA). 
ASOR was prepared  and iodinated  using ehloramine  T as described (52). 
Anti-HA  4 IgG, prepared  as described (20)~ and anti-ASGP-R  lgG, affinity- 
purified as described below, were iodinated in a similar manner (14). S. aureus 
was prepared according to Kessler (28), stored al -70"C in phosphate-buffered 
saline  (PBS) with  0.02% NAN3, and  washed  three  limes in  bovine  serum 
albumin (BSA)-PBS immediately before use. 
Labeling the Contents of  Endosome Compartments in 
the Isolated Perfused Liver 
Male rats (150-250  g) were used for all experiments and were starved 20-24 h 
before they were killed. The isolated liver perfusion system and temperature- 
shift protocols  have been described (9, 51). ~2~I-ASOR (1.1  x  10~-6.6 x  106 
cpm/ug) was perfused  under conditions  of time and  temperature  that  are 
specified in the  Results. A maximum of three 0.3-0.8  g biopsies were taken 
from major lobes of a  liver  in  any experiment.  They  were rapidly  chilled, 
homogenized,  and  processed  as described  below.  Release of surface-bound 
ligand was accomplished by the addition of EGTA as described (51). 
Subcellular Fractionation 
All  manipulations  were carried  out at 4"C. Biopsies from livers cotataini~ag 
sequestered 'z~I-ASOR  were homogenized in 4 vol (wt/vol) of 0.25 M sucrose, 
3 mM imidazole, pH 7.4, 0.02% NaN~ (S/I), diluted to 10% (wt/vol) with S/I 
and a  microsomal  fraction  prepared  as described  (6). In early  experiments, 
livers were homogenized  as described for the isolation of plasma membrane 
sheets  (22) and  the  supernate  from a  low-speed centrifugation  step,  which 
sediments  plasma membrane sheets, subsequently  centrifuged at  105,000 g,, 
for 90  min to obtain  microsomes.  Microsomes  were fractionated  on linear 
sucrose gradients (32 ml,  1.08-1.22 g/cc) as described previously (6) and the 
endosomal  region pooled (~ 1.12 g/cc). Alternatively, microsomes were resus- 
pended directly in 3.6 ml of 1.15 M sucrose and applied to the bottom of a 
discontinuous sucrose gradient as described previously for the isolation of  Golgi 
fractions from ethanol-intoxicated  rats (10). Fractions (0.5 ml) were collected 
automatically  from the top of the gradient. 
lmmunoprecipitation of Vesicles 
Preparation  of Anti-Receptor  Antibo@.  The  ASGP  receptor  was  purified 
according to the method of Hudgin  ct al. (24). Antibodies to the detergent- 
solubilized form of the receptor were generated  in rabbits using multiple-site 
intradermal  injections ( 100 gg for the primary immunization  and 50 #g for the 
boost 2 wk later). Affinity-purified antibody  was prepared  by passing whole 
serum ( 1 ml) over a receptor-Sepharose column and eluting the bound antibody 
vath 2 ml of 0.1 M glycine, 0.1 M NaCI, pH 3.0 (40). After neutralization  with 
Tris base and dialysis against  150 mM NaCI, 0.02% NaNa, 20 mM Tris, pH 
7.4 (TBS), the antibody (~0.05 mg/ml) was stored at 4"C in 1% BSA. Approx- 
imately 300 #g of IgG was obtained from 1 ml of antiserum. 
lmmunoadsorption  of Receptor-Positive (R+)  Vesicles. Two types of prepa- 
rations were used for immunoadsorption of R+ vesicles. For the initial studies, 
we used vesicles obtained  from sucrose gradients and enriched in endosomes, 
as determined by the presence of sequestered J~Sl-ASOR  (see Fig. 2 in reference 
52). In later experiment.% we used microsomes,  prepared  either  from  livers 
perfused with tz~I-ASOR  (t251-ASOR-labeled microsomes) or from livers of rats 
injected intraperitoneally 48 h before they were killed with [3~5]methionine  (see 
below). [3~SlMethionine or z2~I-ASOR-labeled microsomes  (50 ~1 at 6 t~g of 
protein/~l)  or gradient vesicles (100 ~1 at  1 /~g of protein/t~l) were added to I 
ml of 1%  BSA in 20 mM NaP~, pH 7.4, 150 mM NaCI, 0.02% NaN3 (BSA- 
PBS). 2-3/~g of affinity-purified antibody or preimmune IgG was then added 
and the suspension incubated on a rotary shaker for 1 h at 4"C. The incubation 
was continued  for another hour at 4"C after  addition  of 125  ul of fixed S. 
aureus cells (10%, wt/vol).  After incubation  with S. aureus, the mixture  was 
diluted to 10 ml with S/I and centrifuged at  1,600 g,, for  17 min (Beckman 
T  J-6  cenlrifuge,  Beckman  Instruments, Inc.).  The  resuspended  pellet  was 
analyzed  for  receptor  and  ~z~I-ASOR content.  J2~I-ASOR remaining  in  the 
supernate was determined  by measuring the radioactivity present in the top 1 
m! and correcting  to  10  ml. The amount of J2SI-ASOR released from leaky 
vesicles generated during the immunoadsorption reaction and thus not present 
in R+ or R- vesicles  was determined by centrifugation (90 min at 105,000 g..) 
of supernates derived from the preimmune incubation  mixtures and averaged 
19% -+ 3% of  the total ( t I determinations).  Therefore, the 81% tz~I-ASOR  that 
remained sedimentable was considered as 100%, and all values were normalized 
to it. 
[35S]Methionine Labeling of  Liver Protein 
Endogenous proteins in the liver were labeled by injecting rats intraperitoneally 
with 0.5~).75  mCi [35S]methionine  48 h before they were killed, The rats were 
starved 20-24  h before they were killed. The livers were perfused for  15 rain 
and then processed as described above  for the  preparation  of a microsomal 
fraction and linear sucrose gradient fractions. Samples (<100  #l) were solubi- 
lized in 0.5 ml Prolosol and the 3~S content measured by scintillation counting 
(Beckman model LS 7000, Beckman Instruments, Inc.) in 6 ml Ready-Solve 
EP. 
Other Procedures 
SDS PAGE and lmmunoblotting.  Pellets obtained  by the immunoadsorption 
protocol described above, as well as the initial vesicles, and, in several experi- 
ments, the remaining (unadsorbed) vesicles after their sedimentation at 100,000 
g for 60 min, were solubilized in final concentrations  of 0.0625 M Tris, pH 
6.8,  1.0% SDS,  10% sucrose, 0.005% bromophenol blue and heated to 50*C 
for 10 rain. Electrophoresis, transfer to nitrocellulose, and immunoblot analysis 
were carried out as described (52). 
ASOR Binding Assay. The ~2~I-ASOR binding activity present in fractions 
from sucrose gradients was determined  as previously described (52), with the 
following modifications. Vesicles were permeabilized and the sequestered ~2~l- 
ligand (negligible relative to that used in the assay) released by dilution  in 12 
mM Hepes, pH 7.4, I87.5  mM NaCI, and 2 rnM  EGTA  in the absence or 
presence of  0.04% (wt/vol) digitonin. The assay was started by addition of ~2nl- 
ASOR (I x  10  ~  corn, 25 nM) and CaCI2 at a final concentration  of 8 mM. The 
tall was brought to 7.4 by addition  of 45 mM Hepes, oH 8.0, and the mixture 
incubated 40-60 min at 4*(?. Background binding was measured in the presence 
of 100-fold excess of unlabeled ASOR. 
Other Assays.  Proteins  were  determined  by  a  modification  (30)  of the 
procedure of Lowry (29) using BSA as standard. Degradation of ~251-ASOR was 
detected essentially as described (52). 
NADH-ferricyanide reductase was assayed as described (42) with the follow- 
ing modifications: microsomes, vesicles immunoadsorbed to S. aureus cells, or 
vesicles sedimented  from S. aureus supernates  were solubilized at 4"C in 0.2 
mM EDTA, 0.1  M NaCI, 24 mM Na deoxycholate, 0.02 M Tris-acetate, pH 
8.1. After sedimentation  of the unsolubilized  material  (5  min at  10,000 g, 
Eppendorf 5412 mierofuge), 200-#1 aliquots of the supernates were assayed in 
I mM EDTA, 4.8 mM Na deoxycholate, 0.1  M Tris-acetate, pH 8.1. 
Electron Microscopy 
Pellets from S. aureus immunoadsorptions  were fixed overnight at 4°C in 0.5% 
glutaraldehyde,  1.5% formaldehyde,  0.1  M Na caeodylate, pH 7.4, 2.0  mM 
CaCI2, 2.0 mM MgC12 and processed as described previously (23). For electron 
microscopic visualization of ASOR, ~zSI-ASOR-HRP  was prepared as described 
(53) and  mixed  with  ~I-ASOR.  Yeast  mannan (5  rag) was  added  to the 
perfusion medium  10 min before the addition  of t~51-ASOR-HRP to reduce 
uptake of the conjugate  via the  HRP moiety (53). To determine  the in situ 
distribution  of ASOR-HRP, a small portion was taken from each biopsy to be 
used for subeellular fractionation,  fixed by immersion overnight, and then 50- 
75-~m sections prepared using a Smith-Farquhar tissue chopper (46). Fractions 
of S.  aureus pellets containing  ~2SI-ASOR-HRP sequeslered  in vesicles were 
9 33  Mueller and Hubbard Receptor-positive and-negative Endosomes fixed as above, embedded  in agarose, and sections prepared as for the tissue. 
Samples were processed for visualization of HRP by a slight modification  of 
the diaminobenzidine  procedure of Rodewald (41), in which incubations were 
for  15-45  mitt  at  24"C and 0.02  M  3-amino-l,2,4-triazote  was iactuded  m 
inhibit catalnse. After 1he diami~obenzidine  reaction, samples were rinsed six 
times  for 5  rain  each  in 0.1  M  Na cacodylate,  pH 7.4, 2.5% sucrose, and 
postfixed  I h in  I% OsO,,  1%  KdFe (CN)6 in the same buffer (26). Further 
processing was as  described  (53). Unstained,  ultrathin  sections  of material 
reacted for HRP were photographed  using a Zeiss 10A electron microscope. 
Quantitation  of Fesicle Size and Distribution 
The diameters  of vesicles containing  ASOR-HRP  were measured  on micro- 
graphs of unstained  sections of sucrose gradient endosomes. The final magni- 
fications ranged from 8,700 to 34,000. 
The intracellular distribution  of ASOR in hepatocytes from livers perfused 
with ASOR-HRP was determined  on micrographs taken of r,  ections overlying 
three randomly chosen god holes. 12 micrographs at 8,600 final magnification 
were counted  for eactt experiment.  A vesicle profile containing  HRP reaction 
9roduet was identified as perigheral if it was located within  1.5 um of the base 
of sinusoidal microvilli (53)  All others were considered 1o be inlernat  endo- 
somes. Only micrographs containing  peripheral  and internal  cyloplasm were 
used. The difference belween means was tested using the Student's t-tesl. 
The shapes and associations of various endosomal elements Io one another 
were determined  on serial sections of isolated vesicles containing  AsOR-HRP 
and of hepatocytes exposed to the tracer in situ. 
Results 
Validation  of the Immunoadsorption Approach 
Initial experiments. We first established the specificity of our 
anti-ASGP-R  antibody.  Affinity-purified  J2SI-anti-ASGP-R 
recognized the major polypeptide (Mr ~  42,000, reference 5) 
in a purified receptor preparation as well as a higher molecular 
weight polypeplide, which  most  likely represenls an  SDS- 
insoluble dimer (Fig. I ). The two additional polypeptide  bands 
(bands 2 and 3, Fig. l) that accounted for ~25% of  the protein 
of the isolated receptor (5) were not efficiently labeled by the 
ASGP-R  antibody.  The  same  antibody recognized only a 
42,000 Mr polypeptide present in vesicles  of density ~ 1.12 
g/cc obtained from a sucrose density gradient separation of 
microsomes (Fig.  2, a-e), despite the presence of at Least 60 
other Coomassie Blue-staining polypeptides in these vesicles. 
We next determined the ability of anti-ASGP-R to recog- 
nize the native receptor in membranes using the immunoad- 
sorption protocol described in Materials and Methods. The 
1.12 g/cc vesicle preparation, derived from sucrose gradient 
fractionation  of  microsomes  and  enriched  in  functional 
ASGP-R and endosomes (determined using 125I-ASOR as a 
marker and ASOR binding assays, reference 52), was selected 
for these initial experiments to facilitate receptor quantifica- 
tion. Immunoblot analysis was used to compare the amount 
of receptor in the starting vesicle fraction (Fig. 2, lanes a-e) 
to that found in S  aureus pellets after immunoadsorption of 
vesicles (Fig. 2,  lanes f-k).  As seen in Fig.  2,  the immune 
antibody effectively  recognized and bound vesicles containing 
the receptor (lanes g-k),  while the preimmune IgG did not 
(lane  f). Under optimal conditions of antibody and S. aureus 
Figure 1.  Reactivity of the anti-ASGP-R 
with  purified  ASGP-R.  Lane  a,  SDS 
PAGE of purified ASGP-R stained with 
Coomassie Blue (CB). Lane b, Immuno- 
blot of purified ASGP-R labeled with ~25I- 
anti-ASGP-R (Blot). 
Figure 2.  Immunoblol analysis of initial and immunoadsorbed vesi- 
cles. Lanes a-e, 38-, 30-, 23-,  15-, and 8-#g protein of an endosome- 
enriched fraction were separated by SDS PAGE, transferred to nilro- 
cellulose, and labeled with affinity-purified ~2Sl-anti-ASGP-R.  Lanes 
f-k, sucrose gradient endosomes at the indicated protein inputs were 
immunoadsorbed to S.  aureus  ceils with either 2-3  ag preimmune 
IgG (lane f) or 2-3/~g anti-ASGP-R (lanes g-k) and the polypeptides 
present in the final S.  aureus  pellets labeled on nitrocellulose blots 
with m2SI-anti-ASGP-R. 
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sorbed fraction was >100%  (Table I), perhaps due to more 
effÉcient solubilization of molecules from protein-depleted S. 
aureus pellets.  The ASGP-R content of those  vesicles  not 
immunoadsorbed  by the  antibody was  low  (<5%).  When 
vesicles  prepared  from  [a~S]methionine-labeled  livers were 
incubated with specific and preimmune IgG, only 21% and 
6-7% of  the radioactivity was immunoadsorbed, respectively, 
indicating that the immune antibody did not induce extensive 
nonspecific aggregation of vesicles (Table I). 
Based on reports of ASGP uptake by isolated hepatocytes 
(2, 55) and our own earlier morphological observations (53), 
we suspected that immediately after internalization, most of 
the ligand would be found in vesicles containing the receptor 
(R+  vesicles).  A  2.5-min time  point was  chosen and  ~2sI- 
ASOR-labeled vesicles from a sucrose gradient tested in the 
immunoadsorption  reaction.  We  found that  100%  of the 
ligand internalized and sequestered within vesicles at 2.5 min 
was immunoadsorbed by anti-ASGP-R antibody (Table I). 
(Since isolation of  vesicles and immunoadsorptions were done 
in the absence of Ca  ++,  any ligand associated with plasma 
membranes would have been released into the postmicroso- 
mal supernate [36].) 
Validation  of the  Immunoadsorption  Protocol Using a 
Crude Microsomal Fraction. Our initial experiments estab- 
lished  that  the  vesicles  containing the  ASGP-R  could  be 
quantitatively immunoadsorbed and that shortly after ligand 
internalization (2.5  min),  100%  of the  ligand  was  in  R+ 
vesicles.  However, the  ~25I-ASOR recovered in  the sucrose 
gradient peak represented only 40% of the sedimentable (i.e., 
sequestered) '25I-ASOR in the homogenate. The crude micro- 
somal pellet contained a more representative population of 
endosomes, ~60-80%  of the total sedimentable J25I-ASOR. 
Therefore, crude microsomes were tested for immunoadsorp- 
tion efficiency and specificity. Since quantitation of ASGP-R 
in  the  starting  microsomes was  variable,  our  criterion  of 
complete immunoadsorption of R+ vesicles was quantitative 
immunoadsorption of ~25I-ASOR in a  microsomal fraction 
from livers that had internalized ~25I-ASOR for 2.5 min. When 
examining later time points, equal amounts of protein were 
used for immunoadsorptions. 
Using the microsomes described above, we found that 98% 
of the sequestered J25I-ASOR was present in the S.  aureus 
Table L  Validation of the Immunoadsorption Protocol 
Using Endosomes from a Sucrose Gradient* 
Percentage immunoad- 
sorbed 
Immune  Preimmune 
ASGP-receptor  (blot)  122  7 
Sequestered ~251-ASOR  101 t  6 
Protein ([35S]methionine-labeled)  21 f  6 
* Aliquots of an endosome-enriched  fraction, prepared from livers exposed to 
~2~I-ASOR at  4"C  then  warmed  to  37"C for 2.5  min,  were  used  for each 
immunoadsorption. The amount of receptor protein present in the immunoad- 
sorbed vesicles was determined  by immunoblot analysis as described in Mate- 
rials and  Methods  and  illustrated  in  Fig. 2.  The  percentage  of ~2SI-ASOR 
sequestered within immunoadsorbed vesicles  was adjusted for nonsedimentable 
~2~I-ASOR, determined  on preimmune supernates  in  this experiment  to be 
12%. A [a~S]methionine-labeled liver was treated in a similar manner and the 
percentage of 35S-labeled protein in the immunoadsorbed vesicles determined. 
* Represents -40% of total sedimentable  t251-ASOR in homogenate. 
! Represents < 1.0% of total [35S]methionine  in homogenate. 
Table II.  Validation of the Immunoadsorption Protocol  for 
Microsomal Vesicles* 
Percentage immunoad- 
sorbed 
Immune  Preimmune 
Sequestered ~25I-ASOR  98 -  9*  5 __+ 3 
Protein ([~SS]methionine-labeled)  9  i  2 
HA 4 antigen  I  5  0 
NADH ferricyanide reductase  ~  8  0 
* Microsomes prepared from livers that had internalized 12SI-ASOR for 2.5 min 
at 37"C were used for the immunoadsorption. The percentage of ~251-ASOR 
sequestered in immunoadsorbed vesicles was adjusted for 19% nonsedimenta- 
ble t251-ASOR. A [35S]methionine-labeled liver, obtained  in a separate experi- 
ment, was treated in a similar manner. 
* Mean of six experiments.  Represents -68 -+  10% of total sedimentable  ~2~I- 
ASOR in homogenate. 
§ Represents ~1.7% of total [35S]methionine in homogenate. 
m  Marker for bile canalicular membrane (20). 
Marker for endoplasmic reticulum (42). 
pellet when immune antibody was used in the immunoad- 
sorption reaction, but only 4% in the presence of preimmune 
IgG (Table II).  Furthermore, only 9%  of total microsomal 
protein ([3~S]methionine-labeled)  was immunoadsorbed with 
anti-ASGP-R versus 2% using preimmune IgG (Table II). 
To further test the specificity of immunoadsorption from 
crude microsomes, we assayed both the  starting and  final 
vesicles for the presence of membranes expected to contain 
little or no  ASGP-R (12,  20).  Specifically,  we determined 
whether vesicles derived from bile canalicular membrane or 
from the endoplasmic reticulum were adsorbed. A glycopro- 
tein termed HA 4 has been shown by Hubbard et al. to be a 
specific marker of the bile canalicular domain (20). Nitrocel- 
lulose  blots  o£ microsomes and  immunoadsorbed  vesicles 
were incubated with  ~2~I-anti-HA 4  (20),  and  the  amount 
immunoadsorbed was quantified. Very little of either HA 4 
antigen or NADH-ferricyanidase reductase, a marker for en- 
doplasmic reticulum, was  found in vesicles  incubated with 
either anti-ASGP-R or preimmune IgG (Table II). Thus, the 
membrane vesicles immunoadsorbed using anti-ASGP-R an- 
tibody were not  significantly contaminated by these  other 
cellular membranes. 
Morphology of the Immunoadsorbed  Vesicles. Ultrastruc- 
tural examination of the vesicles that were immunoadsorbed 
to S.  aureus cells using anti-ASGP-R antibody revealed tu- 
bular and spherical profiles (Fig. 3 b). Vesicle aggregates were 
sometimes seen attached to the S. aureus cells and probably 
arose from our assay conditions, since vesicles were first cross- 
linked by antibody and then bound to S. aureus cells via the 
Fc moiety of the IgG. Very few vesicles were seen in preim- 
mune S. aureus pellets (Fig. 3a). 
Time Course and Extent of Transfer of Endocytosed 
1251-ASOR from R+ to R-  Vesicles at 37"C 
Livers were perfused continuously at 37°C with 2-48 ~g ~25I- 
ASOR/g  wet  weight  liver and  R+  vesicles  isolated  from 
biopsies taken 2.5-44 rain after the addition of ~25I-ASOR. In 
these experiments, acid-soluble radioactivity indicative of ~25I- 
ASOR  degradation  was  first  detected  18  __.  32  min  after 
exposure of livers to the ligand (data not shown). Thus, from 
2.5 to 15 rain, ligand was accumulating progressively through 
2 Mean + standard deviation throughout the paper. 
935  Mueller and Hubbard Receptor-positive  and -negative Endosomes Figure 3.  Electron micrographs of immunoadsorbed vesicles. The S.  aureus pellets from incubation of a crude microsomal fraction with 
preimmune (a) or immune (b) antibody were fixed and processed for EM. Vesicles and tubules were commonly observed in close association 
with the S.  aureus cells (large arrowheads). Aggregates of vesicles and tubules, most likely formed during the primary incubation with anti- 
ASGP-R with vesicles, were observed adjacent to or sometimes a small distance from the S. aureus cell, depending upon the plane of section 
(lower fight). A large number of S.  aureus  cells relative to vesicles were required  for quantitative  immunoadsorption.  Occasional rough 
microsomes were present (small arrowhead). On average the immunoadsorbed vesicles were 88 -- 65-nm wide. Bar, 0.5 #m. 
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Figure 4.  The time course of transfer of t25I-ASOR from receptor- 
positive to  receptor-negative vesicles during continuous uptake  at 
37"C. Perfused livers were exposed continuously to  ~25I-ASOR at 
37"C. Biopsies were taken at the  indicated times and microsomes 
containing  67 ___ 11% (average of 26 experiments) of the sedimentable 
~251-ASOR prepared as described in Materials and Methods. Vesicles 
were immunoadsorbed,  the amount of ;25I-ASOR in the S.  aureus 
the pathway and by -15-20 min, a steady-state with respect 
to  ligand internalization vs degradation had been achieved 
(data not shown). Fig. 4 shows the time course of transfer of 
~25I-ASOR out of R+ vesicles during these continuous  uptake 
experiments. As already shown above, 100% of the t25I-ASOR 
sedimenting in the microsomal fraction at 2.5 min could be 
immunoadsorbed  and was therefore in R+ endosomes. How- 
ever,  starting as early as  4-7  rain, there was a  progressive 
decrease in the amount of sequestered  ~25I-ASOR that was 
immunoadsorbed. From 14 to 44 min, an average of only 70 
___  12% was immunoadsorbed. Therefore, -30% of the inter- 
nalized ~25I-ASOR  was contained within R- vesicles. Neither 
the extent nor rate of ;25I-ASOR transfer out of R+ vesicles 
was dependent on dose,  since exposure of livers to ASOR 
levels ranging from 2 to 48 #g/g liver gave similar results. 
pellet and supernate determined, and the percent distribution calcu- 
lated,  after  adjusting  for  the  presence  of,  on average, 19  +_  3% 
nonsedimentable ~251-ASOR  (average of 11 experiments). Preimmune 
binding  was 3-7%, Separate experiments (i.e., livers) are represented 
by the different symbols. (*, A, +, O, T, x, II, •  represent, respec- 
tively, 2, 8, 13, 16, 38, 41, 42, 48 ttg ~25I-ASOR  input/g wet wt liver.) 
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cytochemical ligand,  ASOR-HRP, at 37"C showed that hep- 
atocytes were the only cell type accumulating the conjugate. 
This analysis also confirmed that at 2.5  min the ligand  was 
restricted  to structures near the sinusoidal  surface, but by 7.5 
min labeled vesicles had reached internal sites (52). 
Effects of Temperature on the Transfer of 
Internalized 1251_ASOR 
~25I-ASOR is internalized at  16"C, but it is not transferred to 
lysosomes (7). Having identified an endosome at 37°C that 
contained sequestered  ligand but lacked the ASGP-R, we used 
immunoadsorption to determine first if ligand was found in 
these  R- vesicles at  16"C and then if ligand already present 
in R- vesicles (from uptake at 37"C) was transferred out of 
this population at 16"C. 
16" C .--} 3 7  *  C Experiments. Biopsies were taken from livers 
exposed to ~25I-ASOR  at  16"C for 90 min and then warmed 
to 37"C, and crude microsomes were prepared and used for 
immunoadsorption.  The  results  are  presented  in  Table  III 
(experiment A), where it can be seen that virtually all (94%) 
~25I-ASOR internalized at  16*C was present in R+ vesicles. 
Subsequent  warming  of these  livers  to  37"C  for  14  min 
resulted  in the appearance of ligand in R- vesicles. 
Cytochemistry of tissue  from livers that had endocytosed 
~25I-ASOR-HRP was performed to determine the in situ dis- 
tribution and morphology of structures containing ligand at 
16"C and after warming to  37"C. At  16"C, when all  ligand 
was in R+ vesicles biochemicalty, 34%  of the labeled  struc- 
tures were found in internal regions of  the cell. After warming 
to  37"C, significantly  more  labeled  structures  (46%)  were 
Table IlL  Effects of Temperature on the Transfer of Seques- 
tered ~25I-ASOR into and out of  R-Vesicles* 
Condition 
Percentage of 
t251-ASOR in 
S. aureus pellet 
Experiment  First  Second  Immune  Preimmune 
A*  16*C, 90min  --  94_+  17  6+4 
16"C, 90 min  37"C,  14 min  72 _  15  5 +__  1 
B~  37°C, 2.5min  --  83+3  7_+3 
37*C,  14min  --  70_+8  7_+3 
37"C,  14 rain  16°C, 44 min  74 +  13  7 _+  1 
* Microsomes  from homogenates  of livers treated  as indicated  were immu- 
noadsorbed  and the distribution  of sequestered  ~2~I-ASOR determined  as de- 
scribed in Materials and Methods. 
* Mean of six experiments.  ~251-ASOR in microsomes represented  81% _+ 7% 
of the sedimentable ~251-ASOR in the homogenate. 
Mean  of three  experiments.  ~2~I-ASOR in microsomes  represented  68%  -+ 
10% of the sedimentable tz~I-ASOR in the homogenate. 
Figure 5. Electron micrographs of hepatocytes labeled with ~251-ASOR-HRP  at  16"C followed by warming to 37"C.  Biopsies were taken after 
perfusion of a liver with ~25I-ASOR-HRP  at 16"C for 90 min, and then again after warming the liver to 37"C. Tissue was fixed, and processed 
for thin section visualization of HRP. (a) At 16"C, 34% of labeled structures were internal, comprising small tubules and vesicles grouped 
adjacent to the nucleus (N) (b). After  warming  to 37"C, 46% of  labeled structures were internal, comprising  prominent MVEs  (large arrowheads) 
and small vesicles and tubules (small arrowhead). Bar, 0.5 #m. 
937  Mueller and Hubbard Receptor-positive and-negative  Endosomes found to  be internal  (P <  0.05).  More dramatic  than  the 
quantitative increase in labeled internal endosomes was the 
appearance of large multivesicular structuies in these regions 
at 37"C (Fig. 5). Analysis of serial sections revealed that these 
multivesicular endosomes (MVEs) were not simple spheres 
but possessed tubular projections that were as long as 0.7-0.9 
#m (not shown). 
3 7* C-.* 16" C Experiments.  To examine the effect of low- 
ered temperature on  the  transfer of 125I-ASOR out  of R- 
vesicles,  ~2~I-ASOR  previously sequestered within R- vesicles 
at 37"C was followed after chilling the liver to  16"C. Ligand 
was internalized into R- endosomes by continuously perfus- 
ing livers with '25I-ASOR at 37"C for 12-14 min, then livers 
were chilled to 16"C for an additional 44 rain. Biopsies were 
taken both at 37* and  16"C and immunoadsorptions carried 
out  using  crude  microsomes. The  results  are  presented in 
Table III (experiment B).  Preloading at  37"C  resulted  in  a 
transfer of -13%  sequestered  125I-ASOR from  R+  to  R- 
vesicles between 2.5  and  14 min (83-70%  in  R+ vesicles). 3 
Chilling these livers to 16"C for an additional 44 min resulted 
in little change in the distribution of ~25I-ASOR between R+ 
and R-  vesicles.  The small increase in  ~zSI-ASOR found in 
R+  vesicles  (70-74%  in  R+)  was  most  probably  due  to 
continued uptake of t25I-ASOR at 16°C into R+ vesicles, since 
excess ligand was not removed before reducing the tempera- 
ture in these experiments. We confirmed this by repeating the 
37"C ~  16"C experiment, but interjecting a 4"C EGTA step 
to  remove both  surface-bound and  circulating ligand.  The 
distribution of ~25I-ASOR in R-  vesicles was the same (75% 
and 77%) before and after cooling to 16"C. 
Separation of Endosomes into Receptor-depleted and 
Receptor-enriched Fractions by Flotation on 
Sucrose Gradients 
Kinetics.  In  a  recent  paper,  we  reported  a  difference  on 
continuous sucrose gradients in the distribution of  sequestered 
'25I-ASOR from livers exposed to ligand 2.5  vs 10 min (52). 
A  lighter density endosome fraction was present at  10 min. 
The absence of any difference in the distribution of ASOR 
binding activity led us to suggest that the lighter endosomes 
might  be  depleted  of receptor.  Our  in  situ  morphological 
observation of the appearance of MVEs in the  16"C ~  37"C 
shift experiments further suggested that these structures might 
be the R- endosomes. Therefore, we turned to discontinuous 
sucrose gradients and  flotation in  an effort to separate R+ 
and R- vesicles, since sedimentation in continuous gradients 
gave variable results.  Microsomes prepared from livers per- 
fused with ~25I-ASOR for 2.5 or 14 min at 37"C were applied 
to gradients and the distributions of sequestered  '2~I-ASOR 
and ligand binding activity determined. The results are pre- 
sented in  Fig.  6  and Table IV, A. At 2.5  min, virtually all 
(97%) of the sequestered ~25I-ASOR was found in vesicles at 
the 0.86 M/I. 15 M interface (~ 1.12 g/cc), with very little to 
none at the  lower densities (3%  at 0.60  M/0.86  M,  -1.09 
g/cc). By 14 min, the  1.09 g/cc peak accounted for 19% of 
the  ~25I-ASOR sequestered  within  vesicles,  the  -1.12  g/cc 
peak 77%, and the ~ 1.05 g/cc peak only 2%. ASOR binding 
This relatively low average value for the 2.5-rain time point was caused by a 
new preparation of apparently less dense S. aureus cells. Longer centrifugation 
of the immunoadsorotion reaction mixture (25 rain) and aspiration of all but 
the  last  100 ul of supernate above the  pellet increased the  2.5  min value to 
~100%. 
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Figure 6.  Separation  of receptor-depleted from  receptor*enriched 
vesicles by flotation on discontinuous sucrose gradients. Microsomes 
prepared from a liver continuously perfused at 37°C with 125I-ASOR 
for 2.5 (top) or 14 min (bottom) were resuspended in 1. !  5 M sucrose 
and centrifuged on discontinuous sucrose gradients as described in 
Materials affd Methods. Sequestered '25I-ASOR  (@), total ~2~I-ASOR 
binding activity (O), and ASGP-R determined by immunoblotting 
(A) were measured on the fractions as described in Materials and 
Methods. The solid bar in the lower panel indicates the position of 
the load. 
assays and  immunoblot analysis across gradients  indicated 
that the  1.09 g/cc peak contained very little binding activity 
or receptor protein  (<3%)  either 2.5  min  or  14  min  after 
exposure of livers to ligand. Furthermore, the ratio of seques- 
tered  '25I-ASOR  to  ASOR  binding  sites  was  seven  times 
greater for the lighter endosomes (-1.09  g/cc) than for the 
heavier endosomes (- 1.12 g/cc) at 14 min. 
Microsomes from biopsies of livers exposed to '25I-ASOR 
for 90 min at 16°C were fractionated on discontinuous sucrose 
gradients, and  only 5% of the  '2SI-ASOR was found in  the 
1.09 g/cc peak, with 95% present in the 1.12 g/co peak (Table 
IV,  B).  Warming  to  37°C  resulted  in  an  increase  in  the 
percentage of sequestered  '25I-ASOR  found in the  1.09 g/cc 
peak (17%). Detection of the ASGP-R by immunoblot anal- 
ysis or ligand binding again revealed no concomitant shift in 
the receptor distribution. 
Morphological  Identification  of R- and R+ Endosomes. 
To identify' the types of vesicles that  contained ASOR but 
were depleted of the ASGP-R, we separated endosomes con- 
taining the specific cytochemical tracer, '2~I-ASOR-HRP, into 
receptor-depleted and receptor-enriched fractions on discon- 
tinuous sucrose gradients as described above. Endosomes were 
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ASGP-R in Discontinuous Sucrose Gradients* 
Sequestered  ASCJP  Sequestered 
mI-ASOR  Receptor*  ASOR/ASGP-R  ~ 
Condition  LVD  I  HDV  ~  LDV 
1.09  1.12 
g/cc  e,/cc 
HDV  peak  peak 
%  %  ~ng 
A  Continuous uptake 
at 37"C 
**F2,5 min  3  97  1  99  ND  *t  ND 
[_14min  8  91  1  99  15  2 
14 rain  19  78  3  97  13  2 
B  16"C ---* 37°C 
**Fgo rain,  16"C  5  95  <5 tl  >95  ND  ND 
[_then 14 min, 37°C  17  83  l  99  97  4 
* Microsomes (containing 71-90%  of total  sedimentable  t2SI-ASOR) were 
resuspended  in I. 15 M sucrose and floated into discontinuous  sucrose  gradients, 
fractions collected  automatically, and analyzed  for presence of t2SI-ASOR, 
ligand binding activity and ASGP-R (see Materials and Methods). 
* ASGP receptor gave identical distributions when measured by immunoblot 
or ligand binding activity. 
iq-he amounts of sequestered t2~I-ASOR (rig) and binding activity (ng ~251- 
ASOR) were determined for the peak fractions only (see Fig. 6). 
LDV. low density vesicles from the 0~6/086 M interface (fractions 12-15 in 
Fig. 6, A and B). 
• HDV, high density vesicles from the &gr/1A5 M interface (fractions 16-25 
in Fig. 6, A and BL 
*" Brackets indicate that data was obtained from the same liver. 
tt Not determined. 
The  ASGP-R detected by  immunoblot analysis in  LDVs was below  the 
standard curve of purified ASGP-R run in parallel and so represents  an absolute 
maximum in the LDVs of the experiment. 
labeled by preloading a  liver with  J2SI-ASOR-HRP at  16"C 
(90 min) followed by warming to 370C (14 min). After cen- 
tnfugation, 25% of the ligand was found in the 1.09 g/cc peak 
and 73% in the 1.12 g/cc peak. Both fractions were processed 
for HRP  cytochemistry, and  a  clear difference was  found 
between  the  types  of labeled  vesicles  present  in  the  two 
fractions (Fig. 7). The vesicles of Mwer density that contained 
HRP reaction product were large and had  numerous inclu- 
sions in their lumen, very reminiscent of multivesicular bod- 
ies. Their mean width was 400 _+ 200 nm and in serial sections, 
they lacked tubular extensions. The vesicles of higher density 
were tubular or spherical, with mean widths of 100  +  100 
nm. Qualitatively similar results were obtained when R+ and 
R-  endosomes were  first separated by immunoadsorption 
and  the  sequestered ASOR-HRP then visualized (data  not 
shown). However, the cytochemical reaction appeared to be 
quenched in the presence of S. aureus cells, and the concen- 
tralion of R-  vesicles in the unadsorbed supernate fraction 
was very low. 
Discussion 
Many recent studies in the field of receptor-mediated endo- 
cytosis have focused on the morphological, biochemical, and 
functional characteristics o~a series of complex prelysosomal 
compartments,  collectively termed endosomes (1,  18,  35). 
Endosome compartments have been most extensively char- 
acterized in the ASGP system of  rat hepatocytes, where ligand- 
receptor dissociation and  subsequent  separation have been 
analyzed by both biochemical (2,  17, 55, 57) and morpholog- 
ical (12) approaches. Results of lhese studies have suggested 
that ASGPs destined for lysosomes dissociate and segregate 
from their receptor  somewhere in the endosome compartment 
before entering lysosomes.  In  the  present  study,  we  have 
focused  on  the  second  (segregation)  step  and  found  that 
endocytosed ASGPs are transferred from tubular and vesic- 
ular endosomes containing ASGP receptors to MVEs lacking 
receptors, most likely after transport into the internal regions 
of the  cell.  Our  approach  combined in  situ  and  in  vitro 
cytochemistry of specific EM tracers, subcellular fractiona- 
tion, and quantitative immunoadsorption. 
Immunoadsorption of  Membranes Containing 
the ASGP-R 
Immunoadsorption has been used previously to isolate coated 
vesicles (15,  32), vesicles containing NADPH-cytochrome P- 
450 reductase (25, 27), and plasma membrane domains (33, 
45),  usually from partially purified fractions. We chose to 
start  with  crude  microsomes rather  than  a  more  purified 
vesicle preparation, since 60-80% of the total sedimentable 
(sequestered) ~zSI-ASOR was  recovered in this fraction and 
thus,  a  representative population  of endosomes would  be 
studied in our kinetic experiments. Our immunoadsorption 
procedure was fast (-5 h), quantitative (immunoadsorption 
of 100% of the ASGP-R), and specific for those membranes 
containing the ASGP-R. We demonstrated lhat little mem- 
brane derived from endoplasmic reticutum or from plasma 
membrane domains lacking the  ASGP-R  was  immunoad- 
sorbed. However, the vesicles that were immunoadsorbed by 
the ASGP-R antibody were not exclusively endosomal, since 
our polyclonal antibody would recognize ASGP-R present in 
any membrane compartment, without regard to the mole- 
cule's orientation. Furthermore, numerous lines of evidence 
suggest  that  most  of the  ASGP-R  resides  in  intracellular 
membrane compartments irrespective of the endocytic load 
on the cell (reviewed in reference 34). Thus, newly synthesized 
or recycling ASGP-R in Golgi elements ( 12, 13), in the lateral 
and  sinusoidal  plasma membrane domains (20),  as well  as 
that in endosomes (occupied or unoccupied by ligand), would 
be present in the S. aureus petiet. Nonetheless, we achieved 
45-60-fold enrichments of sequestered t2~I-ASOR in the im- 
munoadsorbed (R+)  fraction relative to  homogenate when 
crude  microsomes were used and  ~135-fold when  sucrose 
gradient vesicles were used. These values compare favorably 
with those reported for endosomal subfractions prepared us- 
ing different separation techniques (1, 4, 38). 
R+ and R- Endosomes 
In this study we have identified two kinetically, biochemically, 
and  morphologically distinguishable populations of ASGP- 
containing endosomes: one that is receptor-positive and the 
other, receptor-negative. By the immur~oadsorption approach, 
we find ligand first solely in R+ endosomes, but -7 rain after 
the start of endocytosis, 10-20% appears in R- vesicles. By 
14 min, before degradation can be detected, a maximum of 
30% of the internalized ~2SI-ASOR is sequestered within R- 
endosomes. Thus, the half-time of  ligand accumulation in the 
R-  subcompartment  is  -7  min.  Since ligand  is  degraded 
rapidly once in lysosomes (8), but degradation is not detected 
until at least 15 min after the first molecules are internalized, 
ligand must reside in the R-  compartment a  minimum of 
-8 rain. Thus, the transfer of ligand out of R-  endosomes 
appears Io be a slow step in its transport to the lysosomes. 
939  Mueller and Hubbard Receptor-positive and-negative Endosomes Figure 7. Electron micrographs of receptor-depleted and receptor-enriched endosomes labeled with t25I-ASOR-HRP.  After internalization of 
125I-ASOR-HRP at 16"C for 90 min and then warming the liver to 37"C for 14 min, microsomes were prepared and floated into a discontinuous 
sucrose gradient. Two endosomal peaks were obtained and processed for cytochemical localization of HRP. (a) Light endosomes (-1.09 g/cc). 
Postflxation in reduced osmium (see Materials and Methods). (b) Endosomes (~ 1.12 g/cc). Postfixation in osmium only. Diaminobenzidine 
reaction product  is easily seen,  but  membrane  bilayers are  not.  (Inset)  Postflxation  in  reduced  osmium where all  membranes  are better 
visualized. Large  vesicles containing reaction  product  were  sometimes seen (large arrowhead).  Vesicles positive for reaction  product  are 
indicated by arrowheads. Bar, 0.5 um. 
The R+ and R-  endosomes were identified morphologi- 
cally using ASOR-HRP as a  specific EM tracer for ASGP- 
containing endosomes on sucrose gradients and on appropri- 
ate  fractions  after  immunoadsorption  using  anti-ASGP-R. 
The R-  vesicles identified in vitro resemble the MVEs that 
we have identified previously in situ as being predominantly 
in the  internal  regions of the hepatocyte (52,  53).  They are 
large and contain lipoprotein particles and/or small vesicles 
in  their lumen.  The  R+  vesicles resemble both  peripheral 
endosomes and the more internal endosomes that are often 
found in continuity with the multivesicular structures in situ 
(21 and Fig. 5). 
Although R+ and R- endosomes are clearly distinct com- 
ponents in liver homogenates, R- endosomes may not exist 
as discrete entities in situ. The serial section analyses reported 
here and previously (e.g., 2 l, 53) indicate that most MVEs in 
situ have projecting arms. However, the labeled MVEs in our 
R- fractions did not have these extensions when analyzed by 
serial  sections,  suggesting  that  the  arms  were  pinched  off 
during homogenization and that they most likely are part of 
the internal R+ compartment in situ. 
The  localization  of MVEs  predominantly  to  the  Golgi/ 
lysosome re#on of hepatocytes in situ and their identification 
as the R-  endosomes, suggests  that ligand and receptor seg- 
regate in the internal regions of  the cell. This view is reinforced 
by several lines of evidence indicating that R+ endosomes are 
in both internal and peripheral locations. At 16"C, ASOR was 
present only in R+ vesicles, yet structures containing ASOR- 
HRP  were  located  in  situ  in  both  peripheral  (66%)  and 
internal  (34%)  sites.  Similarly,  after ASOR-HRP has been 
internalized at 37"C for 14 min after prebinding at 4"C, the 
majority (83%) of labeled structures in  situ were located in 
the  internal  cytoplasm when  immunoadsorption  indicated 
~70-90% of the sequestered ligand was in R+ vesicles (data 
not  shown).  Thus,  the  transfer of ASOR  into  R-  vesicles 
most likely occurs after transport of ligand  to the  internal 
sites.  Of course, removal of some but  not all of the ASGP 
receptors could begin in peripheral endosomes and be com- 
pleted in the internal endosomal compartment. 
Comparison to Other Studies 
Several of our findings confirm and significantly extend those 
reported by others. For example, the existence ofprelysosomal 
vesicles lacking the ASGP-R has been proposed on the basis 
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cipitation of ligand-receptor complexes were used to monitor 
movement of ASOR from R+ to R-  compartments in cul- 
tured rat hepatocytes (17).  However, these kinetic compart- 
ments were not correlated with any morphological structures 
in  the  isolated  cell.  Unfortunately,  progression  of ligand 
through the endocytic pathway in primary rat hepatocytes in 
culture  is  both  slower  and  less  efficient  than  that  in  the 
perfused  liver,  precluding  meaningful  comparisons  to  the 
results reported here.  Nonetheless, the  identification of R+ 
and R-  populations in the perfused liver, which retains the 
normal in vivo epithelial architecture and polarity of cellular 
organization, suggests that intracellular events in ligand trans- 
port are  similar in  both  systems.  Whether  lack of normal 
hepatocyte  polarity  is  related  to  the  slow  and  inefficient 
transport in isolated cells remains to be determined. 
Our finding that ASGPs in the perfused liver remain in the 
R- endosomal subcompartment for ~8 min before entry into 
and degradation within lysosomes, confirms the prediction by 
Bridges et al. that ASGPs in isolated hepatocytes undergo an 
obligate  maturation  process (2).  These investigators specu- 
lated that transport of ligand to intracellular regions rich in 
lysosomes might account for the obligate delay. Our results 
strongly indicate  that  the  R-  compartment corresponds in 
situ to internal  MVEs.  Therefore, intracellular transport of 
ligand is clearly not the limiting event in delivery of ligand to 
lysosomes. Rather, the ligand, once in an MVE, and/or the 
MVEs themselves, must change in some way before they are 
competent to fuse with lysosomes. 
Since  low temperature was first reported to block endo- 
some-lysosome fusion in the perfused liver (7),  this pertur- 
bation has been exploited in many studies of endocytosis (31, 
55,  57).  Although  there is general agreement that the  final 
step in  the  pathway  is  blocked,  acidification  (dissociation) 
seems to be variously affected at low temperatures (see refer- 
ences 50 and 57).  Using immunoadsorption, we found that 
both transfer of ligand from R+ to R- endosomes and from 
R- endosomes to lysosomes were inhibited at 16"C. However, 
more  molecules  of ASOR  were  internalized  into  the  R+ 
endosomes at this temperature than the number of cell surface 
binding  sites  (1  x  106  molecules  endocytosed  at  16"C vs 
250,000 molecules bound at 4"C). This result suggests either 
that unoccupied receptors from the internal pool can move 
to the cell surface and internalize ligand and/or that dissocia- 
tion and recycling of receptors continues at 16"C, with excess 
unoccupied  receptors  (recycling  or  not)  residing  in  endo- 
somes. 
Geuze et al. (12) have observed an endocytic compartment 
in  hepatocytes (termed  CURL)  where  ligand  and  receptor 
appear to be segregated into morphologically distinct regions. 
Large vesicular profiles with ASGPs scattered in the lumen 
and little ASGP-R, as detected by antibody and protein A- 
gold, are connected to tubular structures lacking the ligand 
but containing the  ASGP-R.  These investigators have pro- 
posed that the tubular elements represent receptors leaving 
CURL and that the vesicular elements represent immediate 
precursors  of multivesicular  bodies,  which  are  apparently 
discrete structures.  It is difficult at present to reconcile our 
results with this view. The MVEs we observe in  situ are in 
continuity with tubular elements, and the latter contain ligand 
(albeit a  cytochemical tracer, whose reaction product could 
diffuse).  Further work will hopefully clarify these issues. 
Final Comments 
The results we have presented in this and a previous article 
(52)  demonstrate the biochemical and  functional  heteroge- 
neity of the endosomal compartment in rat hepatocytes. It is 
clear that this complex organdie plays a  central role in the 
endocytosis and sorting of ASGPs. We and others also have 
good evidence that ligands and receptors with different fates 
from those of ASGP and its receptor share all or part of the 
same endocytic pathway (e.g., 3, 21). The combined approach 
we have used here should facilitate study of roles the several 
endosomal subcompartments play in correctly and simulta- 
neously sorting these various molecules. 
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